Separase is a highly conserved protease required for chromosome segregation. Although 20 observations that separase also regulates membrane trafficking events have been made, it is still 21 not clear how separase achieves this function. Here we present an extensive ENU mutagenesis 22 suppressor screen aimed at identifying suppressors of sep-1(e2406), a temperature sensitive 23 maternal effect embryonic lethal separase mutant. We screened nearly a million haploid 24 genomes, and isolated sixty-eight suppressed lines. We identified fourteen independent 25 intragenic sep-1(e2406) suppressed lines. These intragenic alleles map to seven SEP-1 residues 26 within the N-terminus, compensating for the original mutation within the poorly conserved N-27 terminal domain. Interestingly, 47 of the suppressed lines have novel mutations throughout the 28 entire coding region of the pph-5 phosphatase, indicating that this is an important regulator of 29 separase. We also found that a mutation near the MEEVD motif of HSP-90, which binds and 30 activates PPH-5, also rescues sep-1(e2406) mutants. Finally, we identified six potentially novel 31 suppressor lines that fall into five complementation groups. These new alleles provide the 32 opportunity to more exhaustively investigate the regulation and function of separase. 33 34 Separase is a highly conserved cysteine protease required for proper chromosome 35 segregation during anaphase of both meiotic and mitotic stages of cell division (Peters et al. 36 2008). Separase proteolytic activity is inhibited during interphase and early mitosis by its 37 pseudosubstrate inhibitor, securin (Nasmyth, K. A., 2002). The protease activity of separase is 38 critical for the cleavage of kleisin subunits of the cohesin complex (Uhlmann et al. 2000, Hauf et 39 al. 2001). Cohesin holds sister chromatids together prior to their proper attachment to spindles 40 and alignment on the metaphase plate preceding anaphase (Nasmyth and Haering, 2009).
INTRODUCTION
sequencing a PCR fragment amplified using a pair of primers (oASP-UTK-34 and oASP-UTK-138 29) and sequenced with oASP-UTK-7. 139 PCR and sequencing: PCR primers were used to amplify the locus of interest from worm 140 lysates. PCR products were then gel purified and sequenced. Three PCR fragments of sep-1, five 141 of pph-5 and two of hsp-90 were amplified, spanning across each gene. Primers used for PCR 142 and sanger sequencing of sep-1, pph-5 and hsp-90 loci are listed in supplementary tables (Tables 143 S2, S3 and S4).
144
Characterization of suppressed lines 145 Hatching assay: four P0 L4 larvae were placed in each of 35mm OP50 NGM plates and 146 allowed to lay embryos for 24 hours at the experimental temperature (15°, 20° or room 147 temperature). Worms were then moved to new plates and returned to temperature to continue 148 laying embryos. The number of embryos and hatched animals on overnight plates was counted 149 on each plate and plates were incubated for 24 hours. The following day, the number of 150 unhatched embryos or hatched larvae was counted and % hatching was quantified.
151
RNAi feeding: Worms were moved onto NGM plates with ampicillin and isopropyl-b-D-152 thiogalactopyranoside which were seeded with HT115(DE3) bacteria carrying RNAi feeding 153 constructs for 24 hours. Worms were then moved onto new RNAi feeding plates daily and 154 hatching embryos were counted. Unless otherwise stated, five L1 stage worms per strain were 155 fed at 20°. Animals were moved to new RNAi feeding plates after reaching the L4 stage, and 156 hatching was quantified daily for 48 hours.
157
Western blot analysis: Worms were grown at 20° on 100mm OP50 seeded plates for one 158 generation and collected by washing in M9 buffer. Each worm pellet was resuspended in 1xSDS 159 loading buffer (2μl/mg of pellet) and heated in a microwave (4x20 sec with 1 min cooling). Lysates were then centrifuged (15,000 x RCF, 10 min) and supernatant was transferred into new 161 tubes. 10 µl of worm lysate was then loaded per well and analyzed by standard western blot.
162
SEP-1 was detected by using a polyclonal rabbit antibody (Richie et al. 2011 ) at a dilution of 163 1:750. Secondary antibody used was anti-rabbit 700 from Li-Cor and quantified using the Image 164 Studio software. Non-specific bands were used to normalize signals between lanes. All antibody 165 incubations were done in the presence of 5% (w/v) non-fat milk.
166
Complementation tests: Twenty-five males generated using him-5 RNAi bacterial feeding for 167 each strain were mated with five hermaphrodites on unseeded NGM plates and incubated at 20° 168 for 24 hours. Mated worms were then moved to OP50 seeded 60mm plates and allowed to lay F1 169 embryos at 15°. Once F1 worms reach L4 stage and the presence of ~50% male animals was 170 observed, indicative of successful mating, four L4 hermaphrodites in triplicate were moved to 171 OP50 seeded 35mm NGM plates and incubated at 20°. Viability of F2 embryos was determined.
172

Reagent Availability
173
All strains are available upon request.
174
RESULTS AND DISCUSSION
175
Identification of suppressors 176 To identify genes that regulate separase function, we performed mutagenesis screens for 177 suppressors of two separase mutants, sep-1(ax110) and sep-1(e2406) ( Figure 1A ). We first 178 screened for suppressors of the non-conditional sep-1(ax110) mutant ( Figure S1A Figure 1B and Figure S1B ). This is consistent with a previous finding that sep-1(ax110) is 186 completely rescued by loss of pph-5 (Richie et al. 2011). Therefore, we focused our efforts 187 towards identifying suppressors of sep-1(e2406).
188
The sep-1(e2406) mutation results in a temperature sensitive maternal effect embryonic 189 lethality. When L4 animals are shifted to 20°, the lowest temperature at which lethality is fully Figure 1A ). This approach yielded a total of sixty-eight 195 independent suppressor lines from a total of 9.6 X 10 5 haploid genomes (as determined by 196 counting the approximate number of mutagenized F1 progeny). Each suppressor line was cloned 197 and backcrossed with the original sep-1(e2406) line to reduce non-suppressing background 198 mutations and homozygotes were isolated. A candidate gene sequencing approach was utilized to 199 identify suppressor mutations within sep-1, pph-5 and hsp-90 (formerly known as daf-21) (see 200 Materials and Methods). We also isolated six lines with novel unknown mutations belonging to 201 at least four complementation groups. The types of missense mutations observed include ones that increase the size of amino 209 acid side chains while preserving charge (A64V, A392I, A471V and D541E). We also found 210 mutations that remove charged side chains and introduce hydrophobic residues (T357I and 211 N517I). The residue most frequently mutated was L556 and both changes we observed result in 212 the introduction of aromatic side chains (L556F and L556H, Figure 2A , S2). It is also notable 213 that L556F was previously identified as an intragenic sep-1(e2406) suppressor (Richie et al. 214 2011). We find that multiple residues in the N-terminus can be changed to restore function to the 215 sep-1(e2406) mutant and restore viability (Figure 2 B and C).
216
One possible mechanism of suppression is that these mutations affect the stability of 217 separase. To address this, we performed western blotting analysis of SEP-1 abundance in each of 218 the suppressed lines. The separase protein is detectable in adult worms ( Figure 2D) showing that 219 proteins carrying suppressor mutations are expressed. Quantification shows that the original 220 SEP-1(e2406) mutant protein is 40% as abundant as wild type SEP-1. The least effective 221 rescuing mutation, erb27 (V392I), is expressed at about twice the level of wild type separase.
222
The three most effective rescuing mutations (erb17 (N517I), erb10 (L556H) and erb5 (L556F)) 223 have varying levels of expression. SEP-1(erb5) is 2.5-fold as abundant as wild type whereas 224 SEP-1(erb17) and SEP-1(erb10) are expressed at 1.5-fold of wild type. The least abundantly 225 expressed mutant, SEP-1(erb16) (T357I), is not the least effective suppressor. No clear 226 correlation is observed between protein abundance and rescuing ability, suggesting that these 227 mutations do not simply affect protein levels, but may affect separase structure and function.
228
To gain more insight into these mutations, we mapped mutated suppressor residues onto 229 the recently published Cryo-EM structure of SEP-1 in complex with its pseudosubstrate 230 inhibitory chaperone; IFY-1 (securin) (PDB 5MZ6, Boland et al. 2017 ). This analysis reveals 231 that there is no clustering of mutated residues to any specific surface in the TPR like domain of 232 the N-terminus ( Figure 2E ). C450, the residue mutated in SEP-1(e2406), is at the edge of helix Figure S2 ). These mutations have the potential of introducing new intramolecular interactions 240 leading to improved structural stability of the SEP-1 TPR-like domain that may be disrupted in 241 SEP-1(e2406). It is important to consider that the separase Cryo-EM structure represents a 242 13 securin-bound fold of the enzyme, which is inactive. The active conformation of separase might 243 bring these key residues into more obvious functionally relevant orientations. The capacity of these mutations to rescue sep-1(e2406) varies, as assayed by the proportion of 254 embryos able to hatch at the restrictive temperature (Figure 3 (Table 1) suggesting that they are reduction-of-function mutations.
257
It has been shown that pph-5 mutants do not suppress sep-1(e2406) by bypassing 258 separase requirement (Richie et al. 2011) as RNAi knockdown of sep-1 still results in lethality in 259 suppressed lines. It is likely that the suppressors we have identified are pph-5 reduction of 260 function mutants and restore viability in a similar manner as previously identified pph-5 mutants.
261
Our data do not preclude the possibility that pph-5 acts in a separase independent pathway to 262 restore viability to sep-1(e2406) animals. We favor our proposed model because mutations in suppressor of conditional (sep-1(e2406)) and non-conditional (sep-1(ax110)) separase mutants.
266
This extensive collection of pph-5 mutants provides a valuable tool for structure-function as well 267 as genetic analysis of this phosphatase.
268
HSP-90 suppressor reveals novel regulator of separase 269 The biochemical evidence connecting PPH-5 with HSP-90 (Haslbeck et al. 2015) 270 prompted us to test if any of the suppressors were hsp-90 mutations. We sequenced the hsp-90 271 locus of the remaining suppressed lines that did not carry any suppressing intragenic or pph-5 272 mutations. We found that erb71 has a single missense mutation that changes methionine 661 into 273 lysine ( Figure 4A ) that has an intermediate ability to restore hatching to 31% (Table 2) . When Figure 4B ). The rescue observed with pph-5(RNAi) is greater than the 31% survival observed in 277 hsp-90(erb71). This suggests that either the M661L mutation does not completely disrupt the 278 PPH-5 activating functions of HSP-90 or that PPH-5 can still be active without HSP-90.
279
Consistent with this, we observed improved survival (92.9% hatching) when pph-5(RNAi) was 280 performed in a sep-1(e2406); hsp-90(erb71) animal ( Table 2 ). The identification of a HSP-90 281 allele that can suppress a temperature sensitive separase mutation is consistent with the 282 hypothesis that HSP-90 acts via its regulation of PPH-5. Our data, however, do not exclude the 283 possibility that HSP-90 directly regulates separase independent of PPH-5.
284
Combining hsp-90(erb71) with pph-5(RNAi) has little effect on embryonic survival, 285 compared to the effects of erb71 alone (84% vs 86% hatching) in an otherwise wild type 286 background. No significant changes in hatching were observed when hsp-90(erb71) was 287 combined with pph-5(tm2979). pph-5(tm2979) is an in-frame deletion that removes 55 amino 288 15 acids from the PPH-5 TPR domain and potently suppresses sep-1(e2406) and sep-1(ax110) 289 (Richie et al. 2011). These observations demonstrate that pph-5 function is not critical, even in a 290 mutant hsp-90(erb71) background, for the essential functions of HSP-90. Taken together, these 291 observations support the hypothesis that hsp-90(erb71) does not result in a general loss in HSP-292 90 chaperone activity.
293
It is interesting to note that the mutation in HSP-90(erb71) (M661K) is found just N- between strains carrying novel sep-1(e2406) suppressors indicates these suppressors belong to 480 multiple complementation groups. Numbers below each parent strain or in a box representing a 481 cross progeny indicate the percent of embryos that hatch at the restrictive temperature of 20°.
482
The numbers in parenthesis are standard deviations for three replicate hatching assays; C = 483 Complements, FTC = Failure To Complement. Table 1 Reduction of pph-5 by RNAi mediated knockdown results in improved hatching 486 RNAi knockdown of pph-5 by feeding results in improved hatching efficiency in worms carrying 487 pph-5 mutations that suppress sep-1(e2406) lethality at the restrictive temperature of 20°. 
